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Abstract 
The deformation and damage mechanisms of a single crystal nickel-based superalloy CMSX-4 have been 
investigated under out-of-phase thermo-mechanical fatigue (OP TMF) condition. The failure mechanism was oxide-
layered surface initiated crack followed by its planar growth along <100> Ȗ channel. However, the deformation was 
highly localized to area near crack tip, where multiple groups of parallel twin plates on {111} planes formed during 
the high temperature-compressive half cycle. The localized twins provided a preferential path for crack propagation. 
OP TMF deformation was dominated by partial dislocation movement with {111}<112> slip system, resulting in the 
formation and propagation of deformation twins. 
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1. Introduction 
Turbine blades and vanes in gas turbines and aeroengines are subjected to very high temperatures and 
mechanical loads. These hot section components especially behind the combustion chamber are made of 
single crystal nickel-based superalloys in order to withstand the critical loadings resulted from the 
complex combination of high thermal and high mechanical loadings. Accordingly, the creep properties in 
the single crystal nickel-based superalloys have been studied in great detail. However, the hot section 
components experience periods of fluctuating mechanical and thermal stresses due to the complex 
changes in stress and temperature during service rather than simple monotonic creep. Hence, recently 
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much intention has been focused on thermo-mechanical fatigue (TMF) to understand more realistic 
material behaviors [1-6]. In a previous study on CMSX-4 [7] it was found that there was a significant 
decrease in out-of-phase (OP) TMF lives compared to isothermal low cycle fatigue (LCF) lives although 
smaller hysteresis loop area and lower mean stress level during OP TMF were observed compared to 
those during LCF. This significant difference in fatigue lives implies that there may be the detrimental 
factors to OP TMF life of CMSX-4. The purpose of this paper is to understand the deformation 
mechanism responsible for OP TMF damage. Recent work studied by Moverare et al. [5] has shown that 
during OP TMF cycling of CMSX-4 recrystallization occurred within the deformation bands, with the 
interception of twins of different orientations acting as crack initiation sites. However, the present study 
found the failure mechanism different from the above paper: the recrystallization was not found, instead 
the localized multiple groups of parallel twin plates formed near surface crack over certain size and 
provided a preferential path for crack propagation. 
2. Experimental procedures 
The material tested in the present work is a second generation single crystal superalloy, CMSX-4. All 
castings were made using master ingots (made by Cannon-Muskegon) from a single heat with a nominal 
composition of Ni-6.5Cr-9Co-0.6Mo-6W-1.0Ti-6.5Ta-3Re-0.1Hf-5.6Al (in weight percent). Single 
crystals were cast with rods of 13 mm diameter in a vacuum furnace (ALD model ISP 0.5) by Bridgman 
method. For this material, the heat treatments were given as follows: the solution treatment at 1320 ÛC for 
2 h, and then the two step aging treatments at 1140 ÛC for 2 h and at 871 ÛC for 20 h in vacuum status of 1 
× 10-5 torr. The X-ray back scattering Laue method showed that the specimens were oriented near [001] 
direction with a maximum deviation of 9Û. The microstructure of the CMSX-4 consists of cuboidal 
ordered L12-structured Ȗƍ precipitates embedded coherently in the Ȗ matrix of fcc structure, as found in 
elsewhere [7]. According to earlier studies [8,9], the constrained lattice misfit of Ȗ/Ȗƍ interface is negative 
and in the order of -10-3 at room temperature. 
Cylindrical solid specimens, of which gauge section has 5 mm in diameter and 16 mm in length, were 
machined for the TMF tests. TMF tests were performed by induction heating in air to failure on a 
mechanically-driven servoelectric fatigue machine (Instron 8861) with a capacity of ±35 kN. The 
temperature was measured and controlled with a R-type thermocouple spot-welded in the middle of the 
gauge length. Special care was taken when the thermocouple was spot-welded to the specimen in order to 
avoid crack initiation at welded region. The TMF tests were conducted in the temperature range of 400-
950 ÛC with frequency of 1/180 Hz under mechanical strain control. A simple triangular push-pull strain 
cycle with a mechanical strain range (ǻİmech) of ±0.3~±0.5% and strain ratio of R = -1 was imposed out-
of-phase with the temperature cycle: the maximum mechanical strain was attained at the minimum 
temperature.  
For the observation on the fractured surfaces and deformed microstructures, scanning electron 
microscopy (SEM) was performed on a JEOL JSM-5800 microscope with a tungsten filament operating 
at 20 keV. To prepare thin foils for transmission electron microscope (TEM) examination, the fatigued 
specimens were cut perpendicular to the stress axis using a low-speed diamond saw to obtain thin sheets. 
Then, they were mechanically ground down to about 30~50 ȝm in thickness using a SiC and diamond-
embedded polishing media. Three-millimeter-diameter disks were punched out from the thin sheets, and 
electropolished to perforation with an 80% methanol and 20% perchloric acid electrolyte at -25 ÛC and 20 
V, using a double-jet electropolisher. The TEM characterization was performed on a field emission type 
JEOL JEM-2100F operating at 200 keV. Some of the TEM observations have been done with interrupted 
specimens and with the foils prepared by a focused ion beam (FIB) system to investigate deformed 
microstructures near fatigue crack tips. 
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3. Results and discussion 
3.1. Cyclic stress-strain and fatigue life behaviors 
Fig. 1 shows the typical hysteresis loops during OP TMF cycling at mechanical strain range of 1.0%, 
which is similar to that observed at ǻİmech= 0.6% [7]. The loops are given by those at the first cycle (N=1) 
and at the mid-life (N=Nf /2, where Nf is the number of cycles to failure). With increasing the number of 
cycles, the loop shifted upwards slightly. The compressive stress decreased in the high temperature half 
cycle (mechanical strain in the range of -0.5~0) while the tensile stress increased in the low temperature 
half cycle (mechanical strain in the range of 0~+0.5). The decrease in the maximum stress at 950 ÛC 
results from stress relaxation at each cycle. The stress relaxation at elevated temperatures could be caused 
by plastic deformation associated with significant dislocation movements in Ȗ/Ȗƍ microstructure (climbing, 
Ȗƍ shearing, mechanical twinning) if no rafts is developed [2]. The following section will address the 
evolution of deformed microstructures with a consideration of dislocation movements. It should be noted 
that there was no significant hysteresis for each cycle, however, small permanent negative strain existed 
after failure when the applied stress was zero. 
The relationship between the mechanical strain range and the number of cycles to failure is plotted in 
Fig. 2. The linearity in the plot was confirmed even though data points were not sufficient. 
 
 
  
Fig. 1. Stress-strain relations during OP TMF (ǻİmech= 1.0%). Fig. 2. Relationship between ǻİmech and Nf for OP TMF lives. 
 
3.2. Deformation and damage mechanism during OP TMF 
Observation on the fractured surface after OP TMF test indicates typical surface-initiated fracture, as 
shown in Fig. 3(a) [7]. Also, the failure occurred by cracking along a plane approximately perpendicular 
to the stress axis, not by cracking along the certain crystallographic plane. Cross-sectional examination 
confirmed that the failure mechanism was essentially the crack initiation at the oxide-layered surface and 
its planar growth along <100> Ȗ channel (Fig. 3(b)). This fracture mode is different from the previous 
studies [5,6] claiming that the failure is entirely crystallographic, along one of the {111} planes. Fig. 3(c) 
shows the Ȗ/Ȗƍ microstructures near fractured surfaces. The OP TMF specimen showed no raft. Instead, 
the multiple groups of crystallographic lines on {111} planes were frequently observed. This deformation 
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lines were identified as microtwins, as previously stated [7]. These twin plates cut through both Ȗ and Ȗƍ 
phases, and were not seen to traverse entire specimen. The formation of microtwins confined to area near 
the main crack: the localized twins were observed within area up to 100 ȝm away from the fractured 
surface in the present study. It should be noted that the deformation microtwins on {111} plane provided 
a preferential path for crack propagation, as shown in Fig. 3(f).  
 
Fig. 3. Deformation microstructures of CMSX-4 after OP TMF test (ǻİmech= 0.6%): SEM images showing (a) fractured surface, (b) 
surface crack morphology and (c) Ȗ/Ȗƍ microstructure near the fractured surface. TEM images showing (d) deformation microtwin 
and (e) its lattice image. (f) SEM micrograph showing deformation microtwins acting as a preferential path for crack propagation. 
 
The decrease in the maximum compressive stress during OP TMF cycling may be associated with 
deformation twinning. According to earlier studies [10,11], the formation of deformation twins occurs 
easily in nickel-based single crystal superalloys when compressed along <001> direction since directional 
twinning shear on the (111) plane in the [112] direction is always preferential to <001> compression, 
where superlattice extrinsic stacking fault (SESF) formation is favored. Recently, Kovarik et al. [12] 
demonstrated that the operative twinning dislocations are identical Shockley partials a/6<112>, and 
thermally-activated reordering process should be associated in the wake of the twinning a/6<112> partials 
as they propagate through the Ȗƍ precipitates in closely-separated pairs on consecutive {111} planes. They 
also insisted that the rate-limiting process of the microtwinning is the diffusion-controlled reordering in Ȗƍ 
phase. Thus, it can be suggested that the combination of localized compressive deformation ahead of 
crack tip and the thermal assistance would determine the microtwin formation and propagation, and result 
in the localized twins near fractured surface in the present study. However, the previous studies [2,5,6] 
reported that the deformation twin extended over the complete cross-section of specimen during OP TMF, 
and it led to a flat crystallographic fractured surface since main crack propagated mostly along a 
weakened twinning plate. The twinning area different from the present study may be attributed to testing 
conditions (especially maximum/minimum temperature, mechanical strain range, R ratio) as well as 
material with different stacking fault energy (SFE). Fig. 4 shows a schematic illustration of the failure 
mechanism during OP TMF cycling. One of the important features of twinning is that the deformation 
twins began to form near crack tip when the crack reached a certain size. The incubation time should be 
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necessary so that a sufficient density of dislocations, which are generated with the progress of OP TMF 
cycling, can act as nucleation sites for the twins [2,10]. Fig. 5 shows a dislocation structure of the 
interrupted specimen after one-third of fatigue life at ǻİmech= 1.0%. The movement of dislocations was 
confined to the Ȗ channels by cross-slip which is necessary for spreading of the dislocations into the 
narrow Ȗ channels, resulting in the highly oriented or bowing dislocation configuration. Some partial 
dislocations with {111}<112> slip are shearing Ȗƍ precipitates and leaving SFs behind. According to 
Knowles and Chen [11], twin formation takes place by the passage of a/3<112> SESFs within the 
precipitates which operate on every alternate plane of the structure. In contrast, Kolbe [13] and Kovarik et 
al. [12] demonstrated that the twinning partials are a/6<112> dislocations, and diffusion-controlled 
reordering in Ȗƍ phase should be accompanied. No matter what the twinning partials are, the important 
feature in the present study is that Ȗƍ precipitates sheared by SFs are frequently observed. The formation 
of SSFs is required during deformation for the generation of deformation twins [10-13]. Thus, the twins 
associated with the formation of SSFs might form near crack tip during the high temperature-compressive 
half cycle. 
 
 
Fig. 4. Schematic illustration of OP TMF fatigue failure. Fig. 5. Dislocation structure after 1/3 life (ǻİmech= 1.0%). 
 
TEM observation was carried out on the thin foils near fractured surface, which were prepared by a 
FIB system. Fig. 6 shows the deformed microstructures after OP TMF test at ǻİmech= 0.6%. No 
dislocation slip band was observed. Instead, a large amount of parallel deformation twins was found to 
shear both Ȗ and Ȗƍ phases and their width was around 100 nm. This observation indicates that the 
dislocations overcome the Ȗ/Ȗƍ interface by {111}<112> glide motion during OP TMF cycling, which is 
associated with the formation of the deformation twins [10-13]. The Ȗ channel was heavily dislocated, and 
some dislocations were deposited onto the Ȗ/Ȗƍ interface (indicated by the arrows in Fig. 6(a)). The 
superdislocation with {111}<011> slip system was occasionally observed to shear the Ȗƍ precipitate 
(indicated by the arrow in Fig. 6(b)). 
 
 
 
 
 
 
 
 
 
Fig. 6. Deformation microstructures with parallel twins after OP TMF test (ǻİmech= 0.6%):  specially highlighted with (a) deposited 
dislocations onto the Ȗ/Ȗƍ interface and (b) superdislocation shearing Ȗƍ. 
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From the present work, the resistances to surface oxidation and twin formation are key factors for 
TMF performance improvement. Consideration of Cr addition balanced with the topologically close-
packed (TCP) phase suppression is necessary to enhance the oxidation resistance. Concerning to twin 
formation, strengthening Ȗ channels may be effective for preventing the movement of the twinning 
dislocations [14]. The addition of Ru may enhance the dissociation of matrix dislocations and would 
inhibit the nucleation of the a<112> dislocation ribbons, leading to the suppression of twin formation [15]. 
 
4. Conclusions 
OP TMF failure of CMSX-4 was caused by the crack initiation at the oxide-layered surface and 
accelerated by the formation and propagation of deformation twins ahead of the crack over certain size. 
However, overall fractured surface was found to be along a plane approximately perpendicular to the 
stress axis, not along the certain crystallographic plane. 
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